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Abstract 


Intrinsic and extrinsic scattering and absorption coefficients of eight non-absorbing 
light polymer dispersed liquid crystals samples, with two different sizes of the active area 
and with four different thicknesses of the internal active layer, at their translucent off and 
at their transparent on optical appearance states—without and with applied electrical 
voltage, respectively-were successfully determined following the same procedure 
described in previous works with a suspended particle device—a light absorbing smart 
window sample—and with another commercial polymer dispersed liquid crystals smart 
window sample. This procedure, based on two-flux and four-flux radiative transfer 
models, considers the critical angle of total internal reflection for determining the 
internal diffuse interface reflectance and uses the same previously proposed equation 
for average crossing parameter, based on diffuse and total intensities of forward and 
backward light beams, for solving the four-flux model in order to determine intrinsic 
coefficients. Simulated optical appearance resulted in a milky white translucent off 
state and a colorless-transparent on state that becomes more transparent for polymer 
dispersed liquid crystals samples with thinner thicknesses, requiring higher applied 
voltage for the transparent on optical states of the thicker polymer dispersed liquid 
crystals samples characterized. 


Keywords: average crossing parameter, four-flux model, two-flux model, scattering and 
absorption coefficients, polymer dispersed liquid crystals. 


Resumen 

Los coeficientes intrinsecos y extrinsecos de dispersién y absorcidn de ocho muestras 
de cristales liquidos dispersos en polimero no absorbedoras de luz, con dos diferentes 
tamanos del area activa y con cuatro diferentes espesores de la capa interna activa, en 
sus estados de apariencia dptica translucidos apagados y transparentes encendidos 
-sin y con voltaje eléctrico aplicado, respectivamente-— fueron satisfactoriamente 
determinados siguiendo el mismo procedimiento descrito en trabajos anteriores 
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con un dispositivo de particulas suspendidas —una muestra de ventana inteligente 
absorbedora de luz- y con otra muestra de ventana inteligente de cristales liquidos 
dispersos en polimero. Este procedimiento, basado en los modelos de transferencia 
radiativa de dos flujos y de cuatro flujos, considera el angulo critico de reflectancia 
interna total para determinar la reflectancia difusa interna de interface, y utiliza la misma 
ecuacion propuesta previamente para el parametro de camino promedio, basada en 
las intensidades difusas y totales de los haces de luz hacia adelante y hacia atrds, para 
resolver el modelo de cuatro flujos, a fin de determinar los coeficientes intrinsecos. La 
apariencia Optica simulada resultd ser un estado apagado translucido blanco lechoso 
y un estado encendido transparente incoloro, el cudl llega a ser mas transparente 
para las muestras de cristales liquidos dispersos en polimero con espesores mis finos, 
requiriendo mayor voltaje aplicado para los estados dpticos encendidos transparentes 
de las muestras caracterizadas de cristales liquidos dispersos en polimero. 


Palabras clave: parametro de camino promedio, modelo de cuatro flujos, modelo de dos 
flujos, coeficientes de dispersion y de absorcidn, cristales liquidos dispersos en polimero. 


INTRODUCTION 


Polymer dispersed liquid crystals (PDLC) are included within the electrically controllable 
chromogenic technologies, since the amount of light that passes through them can 
be controlled by external electric stimulation. The main application of PDLC such as 
smart window shows two different optical states—transparent on and translucent off— 
depending on the light to be transmitted through direct or diffuse, with and without 
applied AC voltage signal, respectively [1,2,3]. In this technology, PDLCs consist of a thin 
polymeric matrix layer containing liquid crystal micro drops. This mixture is placed over 
two transparent substrates covered with a conductive layer, usually indium tin oxid 
(ITO). In this work an electro-optical characterization of eight different samples of thes 
devices fabricated on glass substrates, with different thicknesses and sizes, was carried 
out following the same procedure used in previous works with a suspended partic 
device (SPD) sample [4] and with another commercial PDLC sample [5]. The purpos: 
of the electro-optical characterization carried out is to obtain the optical constants 
and the scattering and absorption coefficients of the PDLC samples, useful parameters 
required in order to predict the optimum thickness of the samples and the required 
voltage applied so the transmittance contrast is improved. Optical constants are also 
known as complex refractive index, i.e. the real part standing for the speed of light 
at the inner of the samples and the imaginary part related to the extinction of light, 
which is caused either by scattering or by absorption of light. The procedure consists of 
three steps. In the first step, optical constants (n and k) were obtained from collimated- 
collimated (cc) transmittance and reflectance (T & R) equations of Maheu, Letoulozan 
and Gouesbet four-flux model (MLG-4FM, [6]) by fitting to the measured collimated- 
collimated T & R components, i.e., regular transmittance (Treg) and specular reflectance 
(Row) for the eight PDLC samples at translucent off and transparent on states, with and 
without an applied voltage signal, respectively. In the second step, extrinsic scattering 
and absorption coefficients (S and K, respectively) were obtained from Kubelka-Munk 
two flux model (KM-2FM, [7]), followed by the Saunderson correction [8]—in order to take 


the interfaces into account—by fitting to measured total T & R components (T,,, and 


e 
e 


e 
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R..)- Finally, in the third step, intrinsic scattering and absorption coefficients (a and B, 
respectively) were obtained from collimated-diffuse (cd) T & R equations of MLG-4FM [6]. 
As in previous works with the SPD and the commercial PDLC samples [4,5], the previously 
proposed equation for average crossing parameter (ACP) was used for decoupling 
extinction coefficients (€) into intrinsic scattering and absorption coefficients (e=a+B), 
by fitting forward scattering ratio (FSR) and a (being B=e—a) to the measured diffuse T 
& R components (T,,, and R.,,), using the collimated-diffuse (cd) T & R equations of MLG- 
4FM [6]. Here, € was determined using real and imaginary parts of refractive index (n and 
) and wavelength (A), i.e, €=471k/A, =471Kn/A (since A,=\/n due to compression of light 


wavelength inside of the samples with respect to outside air). 


For obtaining both extrinsic and intrinsic coefficients, the internal diffuse interface 
reflectance (r,) was computed using the method described by Kortum [9], i.e. integrating 
Fresnel reflection coefficients, for S and P light polarizations. However, the upper limit of 
integration used was the critical angle of total internal reflection (6.), instead of up to 
902, i.e., in the complete forward hemisphere, leading to the same value as for external 
diffuse interface reflectance (r,°), such as Mac Adam suggested to Kottler [10]. In this way, 
instead of different external and internal diffuse interface reflectance (r,' and r,*), as Judd 
11] and Walsh [12] procedures obtained, the same value for both external and internal 
diffuse interface reflectances are obtained for diffuse light beams (r,'=r,°=r,), as it also 
akes place with collimated interface reflectances (r'=r_°=r,). For instance, at an air-glass 
interface (with optical constants of glass n°=1.5 and K°=0), r=0.04 and r,=0.09 (values 
of r,'+0.60 and r,°=0.09 are obtained if integrating up to 90° instead of up to 6, [11,12}). As 
described in [4], before considering Mac Adam to Kottler’s suggestion [10], the results of 

-2FM applied to the SPD sample obtained some fitting mistakes at the visible range 
for R.., [13,14]. For obtaining extrinsic S and K coefficients, total interface reflectance (w) 
at back interface (at z=0) for forward light beam (i) and at front interface (at z=5) for 
backward light beam (j) were calculated as required intermediate parameters (w,' and 
w,) by means of diffuse fractions of light (q), as explained by Levinson [15], i.e, w=r-(1- 
q)+r,q. Hence, despite the fact that KM-2FM [7] was in principle a model used with 
samples showing only diffuse light, Levinson [15] suggested that it can be used, in an 
approximated way, for samples showing total light, i.e., collimated and diffuse light, 
instead of only diffuse [15]. The equations for q,' and q,/ obtained in previous works [13] 
were used for computing w,' and w,/ parameters. Since at the measurement process the 
samples are illuminated only with collimated light beam through the front interface, 
q,=0 or i®=i°=1 and j®=i,°=0 (being q,! not required since the sample j°=j.°+j,°=0). 
Besides, feedback ACP and FSR parameters were obtained using Vargas's relations [16] in 
order to validate the applicability of KM-2FM [7] with Saunderson correction [8] for non- 
absorbing light samples, such as PDLCs. The optical measurements of the eight PDLC 
samples were carried out in a previous work of the authors, where an equivalent electric 
circuit was proposed using electrochemical impedance spectroscopy from Bode and 
Nyquist impedance diagrams [17]. 


MATERIALS AND METHODS 


The amount and spectrum of light crossing the LC is controlled using its molecular axis 
orientation to turn the polarization of the incoming light. By changing the orientation 
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of the LC molecules placed between two conductive electrodes with the electric field, it 
is possible to vary the intensity of transmitted light, as is the case of switchable devices 
avanees. based on LC. A PDLC consists of microscopic nematic LC spheres, known as droplets, 
ee dispersed in a polymer matrix (Fig. 1). These droplets scatter incoming light resulting in a 
milky white appearance. LC molecules are oriented allowing light transmission instead 
f scattering when applying an AC voltage signal. 


1) 


Eight PDLC samples over glass substrate were developed by Cidetec S.A. with two 
different active areas (PDLC-A samples with 3 x 2.7 cm? and PDLC-B samples with 
3.3 x 1.8 cm?) and four different internal active layer thicknesses (25, 50, 75 and 100 um), 
following a manufacture procedure described in [18,19]. Fig. 2 shows a photograph 
of the PDLC 25-A sample at both translucent off and transparent on optical states. A 
24V_. 50 Hz sinusoidal voltage signal was used for switching the PDLC samples from 
ranslucent off to transparent on states. The optical measurements were carried out 
using a Perkin Elmer Lambda 900 spectrometer equipped with an integrating sphere 
used to collect diffuse components of transmitted and reflected light. Total and diffuse 
T&R components (T,,,, R,.. Ty, and R,,,,) were measured in the solar wavelength range, 
from 250 to 2500 nm, with 5 nm steps. Collimated T & R components Neg and Re) were 
obtained subtracting diffuse to total measured T & R components. 
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FIGURE 1. Sandwich structure and principle of operation of a polymer dispersed liquid crystal (PDLC) smart 
window at translucent off (above) and transparent on (below) optical states. 
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FIGURE 2. Photograph of PDLC 25-A sample at translucent off (left) and transparent on (right) optical states [17]. 


RESULTS 


The same method described in previous works for an SPD sample [4], at both dark off and 
clear on optical states, and for a commercial PDLC sample [5], at both translucent off and 
transparent on optical states, is used in this work for the eight PDLC samples characterized, 
of two different active areas (A and B) and four different thicknesses of the inner active layer 
(25, 50, 75 and 100 um), at both translucent off and transparent on states. The procedure 
carried out for optical characterization was described in the introduction section. Optical 
constants are obtained in the first step from fitting measured direct T & R components to 
cc eq. of MLG-4FM [6] and used to determine collimated interface reflectance r_ and light 
extinction coefficients €. Then, extrinsic scattering and absorption coefficients (S and K) are 
obtained from fitting measured total T & R components using KM-2FM [7] with Saunderson 
correction [8] in the second step. The third step consists of obtaining intrinsic scattering 
and absorption coefficients (a and 8) and FSR parameter from fitting measured diffuse T & 
R components to cd eq. of MLG-4FM [6] by using the fifth eq. proposed for ACP parameter. 
Finally, ACP and FSR obtained parameters are related using feedback Vargas's relations [16] 
by comparison of the intrinsic and extrinsic coefficients. 


A. Collimated Interface Reflectance and Extinction from 4FM Collimated- 
Collimated Measurements: 


For the eight PDLC samples, r_ and € were determined using MLG-4FM [6] cc equations by 
fitting calculated collimated-collimated transmittance and reflectance (T_. and R_)-ie., 
collimated components measured when illuminating with collimated light-to the 
measured direct components T... and R.,.. Collimated T & R measurements and fittings of 
he PDLC 25-A sample, at translucent off and transparent on states, are detailed in Fig.3. A 
perfect fitting is achieved for both optical appearances, showing a much higher contrast 
in 7 than in R._.. The oscillations observed at infrared range of wavelength only for the 
ransparent on state for Teg and Roe are considered as interference effects [21]. These 
oscillations were also observed at the clear on state of the previously characterized SPD 
sample [4] and at the transparent on state of the previously characterized commercial 
PDLC sample [5]. 
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FIGURE 3. Regular transmittance T,,, (a) and specular reflectance R__, (b) of the PDLC 25-A sample, with fits to the 
collimated-collimated equations of the four-flux model (T,, and R ). 
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FIGURE 4. Regular transmittance Teg (left) and specular reflectance Roe (right) for A and B PDLC samples, with fits 
to the collimated-collimated equations of the four-flux model T_and R 
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FIGURE 5. Regular transmittance 1 (left) and specular reflectance Rie (right) contour plots for A (up) and B 
(down) PDLC samples. 
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FIGURE 6. Collimated interface reflectance r_ (a) and light extinction coefficients ¢ (b) of the PDLC 25-A sample. 
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FIGURE 8. Collimated interface reflectance r. (left) and light extinction ¢ (right) contour plots for A (up) and B 
(down) PDLC samples. 


B. Extensive 2FM Scattering and Absorption Coefficients from 
Measurements of Total Transmittance and Reflectance 


Extrinsic scattering and absorption coefficients (S and K, respectively) for the eight 
PDLC samples were determined by using hyperbolic equations of KM-2FM [7] together 
with Saunderson correction [8] in order to take the interfaces into account by fitting 
he calculated total transmittance and reflectance (T, and R,) to the measured total 
components of transmittance and reflectance (T,,, and R,,,). Total measurements and 
fittings of the PDLC 25-A sample, at translucent off and transparent on states, are detailed 
in Fig.9. A perfect fitting is achieved for both optical appearances. As was the case with 
ies and Roe contrasts between translucent off and transparent on states in Fig. 3, the 
contrast between both optical states in T,,, is higher than in R,... However, T,,, contrast is 
ower than T .. contrast. This is because total transmitted light of Fig. 9 (a) includes diffuse 
ransmitted light, and PDLC technology switches transmitted light from diffuse to direct 
with applied voltage. Oscillations due to interference effects [21] in total measurements 


are only observed for the transparent on state at the same infrared wavelength range as 
for collimated measurements. 
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FIGURE 11. Total transmittance T,,, (left) and total reflectance R, , ( 
PDLC samples. 


right) contour plots for A (up) and B (down) 


Fig. 10 (left) shows a slight decrease of T,., as the thickness increases, at both translucent off 
and transparent on states, for A and B PDLC devices. This behavior can be also observed 
with contour plots of Fig. 11 (left). As with Re in Fig. 4 (right), R,., in Fig. 10 (right) is almost the 


same for the different thicknesses for both optical s 
and independencies of T,,, and R,., respectively of Fig. 


the thickness dependencies and independencies of T 
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Fig. 5. Contrast between transparent on and translucent off states are lower for T,,, than 


ie) 
forT,,, due to the fact that PDLC samples transmit almost the same amount of total light, 
avantes i.e, collimated and diffuse, at both optical states. At the transparent on states, The and 
Ingenierias 3 


transparency increase because T,,, and haze decrease. 
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FIGURE 12. Extrinsic scattering S (a) and absorption K (b) coefficients of the PDLC 25-A sample derived from fits 
of the two-flux model with interface correction to experimental total components T,,, and R,.. 
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FIGURE 13. Extrinsic scattering S (left) and absorption K (right) coefficients obtained from fits of the two-flux 
model with interface correction to experimental total, and R,,, components for A and B PDLC samples. 
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PDLC samples. 
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FIGURE 16. Diffuse fraction of light at front (6) interface for forward (i) light beam q,) (left) and diffuse fraction 
of light at back (0) interface for backward (j) light beam q/ (right) for A and B PDLC samples. 
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interface for backward (j) light beam qe (right) contour plots for A (up) and B (down) PDLC samples. 


Although Fig. 12 shows higher va 
coefficients for PDLC 25-A sample, 
than for translucent off state, this 
suggested in [15] of using KM-2FM 


ues for absorption K than for scattering S extrinsic 
and also a bit higher value of S for transparent on state 
strange behavior could be due to the approximation 
7] with Saunderson correction [8] for samples showing 


not only diffuse but total T & R components, including collimated and diffuse instead of 
only diffuse. Higher values for K than for S are also observed in Fig. 13 and Fig. 14, showing a 


bit higher value of S for transparen 
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FIGURE 19. Total interface reflectance at front (5) interface for forward (i) light beam a (left) and total interface 
reflectance at back (0) interface for backward (j) light beam On (right)for A and B PDLC samples. 


3 
8 
8 
8 


3 
8 


s 
2 
$s 
2 
s 
Ss 


é 


» 
& 

s 

Ss 


Thickness (j:m) 
3 

Thickness (j:m) 
g 


Thickness (;:m) 
gs 


| 


Thickness (j:m) 
a 
8 


500 1000 1500 2000 500 


1000 1500 2000 500 
Wavelength (nm) 


Wavelength (nm) 


1000 1500 2000 500 
Wavelength (nm) 


1000 1500 2000 
Wavelength (nm) 


s 


€ 


3 
8 


s 
& 


Thickness (jm) 
3 
Thickness (;:m) 
Thickness (jm) 
ig (um) 


on 
2000 500 


500 1000 
Wavelength (nm) 


1500 


1000 
Wavelength (nm) 


1500 2000 500 


1000 
Wavelength (nm) 


1500 2000 500 


1000 
Wavelength (nm) 


1500 2000 


FIGURE 20. Total interface reflectance at back (0) interface for forward (i) light beam a (left) and at front (5) 
interface for backward (j) light beam w, (right) contour plots for A (up) and B (down) PDLC samples. 


Diffuse fractions of light q are defined as the ratio of diffuse/total intensities at the 
interfaces. Hence, q,i=i,°/(i°+i,°) and q’=j,°/(j.o+i,°). Since the samples are only forward 
illuminated through front interface, q,/ must always be higher than q,. As expected, both 
q,| and q,/ are also higher for translucent off states than for transparent on states. Values 
for PDLC 25-A are observed in Fig. 15. The values obtained for the different thicknesses in 
Fig. 16 show higher oscillations of q,/ than of q,' with the PDLC 25-B sample, due to the 


higher oscillations of R,,, than of T,,.. in Fig. 10. As in previous contour plots, almost similar 
values for A and B PDLC samples are observed in Fig. 17. 
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FIGURE 22. Real part of refractive index n (left) and diffuse interface reflectance r F (right) for A and B PDLC samples. 
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FIGURE 23. Real part of refractive index n (left) and diffuse interface reflectance r ; (right) for A (up) and B 
(down) PDLC samples. 


Total inner interface reflectance at front and back interfaces for forward and backward 
light senses w,/ and w,' show a similar behavior as r., i.e. total interface reflectance for 
forward light sense at front interface, since q,'=0. For PDLC 25-A, a bit higher difference 
between w,' and w,! is observed for transparent on state than for translucent off state 
in Fig. 18. Fig. 19 and Fig. 20 show the independent behavior of w,' and w,! with thickness 
and also with optical states. In the same way as with r_, w,' and w,, Fig. 21, Fig. 22, and Fig. 23 


show almost independent behavior of thickness and applied voltage for the real part of 
refractive index n and for diffuse interface reflectance r,. 


DOI: https://doi.org/10.18272/aci.v16i1.3165 


Articulo/Article 
Seccin A/Section A 


Vol. 16, nro. 1 
3165 


C | 
avances 


en ciencias e 
ingenierias 


14 


Inversion of two flux and four flux radiative transfer models for determining scattering and absorption coefficients 
for polymer dispersed liquid crystals 
Barrios / Alvarez / Miguitama / Velez (2024) 


C. Intrinsic 4FM Scattering and Absorption Coefficients from Measurements 
of Diffuse Transmittance and Reflectance: 


Intrinsic scattering and absorption coefficients (a and 8, respectively) for the eight 
PDLC samples were determined by using the equations of MLG-4FM [6] by fitting the 
calculated collimated-diffuse transmittance and reflectance (T_, and R_,)—i.e., the diffuse 
component measured when illuminating with collimated light—to the measured diffuse 
components of transmittance and reflectance (7, and R,,,.). 
Diffuse measurements and fittings of the PDLC 25-A sample, at translucent off and 
ransparent on states, are detailed in Fig. 9. A perfect fitting is achieved for both optical 
appearances. As was the case with T.,. and R,., contrasts between translucent off and 
ransparent on states in Fig. 3, the contrast between both optical states inT,., is higher than 
in R,.,. However, T,,, contrast is lower than T_. contrast. This is because total transmitted 
ight includes diffuse transmitted light and PDLC technology switch transmitted light 
from diffuse to direct with applied voltage. Interference effects are only observed 
for the transparent on state at the same infrared wavelength range as for collimated 
measurements. 


Contrary to Treg iM Fig. 3 (a), Ty in Fig. 24 (a) shows higher values for translucent off states 
han for transparent on states for PDLC 25-A sample. This is in agreement with the closer 
values of T,.. in both optical states in Fig. 9 (a). On the other hand, R,,, shows the same 
independent behavior of Fig. 3(b) and Fig. 9 (b) with optical states as Rove and R,,, in Fig. 24 (b). 
With higher thicknesses, Fig. 25 (left) shows how T,,, decreases for translucent off states and 
increases for transparent on states, due to the previous requirement of higher voltages 
applied to thicker PDLC samples, in order to increase transparency at the transparent 
on states. A slight increase of R,, with thickness at both optical states is observed in 
Fig. 25 (right). Contrary to Te contour plots of Fig. 5 (left), T,,, contour plots of Fig. 26 (left) show 
higher values when increasing thickness. Fig. 5 (right) and Fig. 26 (right) show the almost 
independent behavior with thickness and with optical state of Rive and R,,, respectively. 


dif" 


ntrinsic scattering a and absorption B coefficients for PDLC 25-A in Fig. 27 show the 
expected optical behavior not observed with extrinsic S and K coefficients, approximated 
as indicated in [15] using total instead of only diffuse T & R components. In this way, 
higher values for a than for 8 are observed for both optical states. The higher contrast 
between translucent off and transparent on states is observed for a, being smaller 
for B, in agreement with the closer values of T,., at both optical states, ie. rather than 
absorption, scattering is mainly modulated with applied voltage in PDLC samples. This is 
clearly observed for the different thicknesses for a in Fig. 28 (left) and for B in Fig. 28 (right). The 
higher variation with thickness occurs for a at transparent on states in Fig. 29. 


The procedure carried out for determining intrinsic coefficients, described in previous 
works [4,5], used the proposed Eq. (1) for the ACP parameter. 

tata 
Britejoand o 


ACP =1+ 
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FIGURE 24. Diffuse transmittance T,,, (a) and reflectance R,,, (b) of the PDLC 25-A sample, with fits to the 
collimated-diffuse eq. of the four-flux model T_, and R 
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FIGURE 25. Diffuse transmittance Ti (left) and diffuse reflectance Rit (right) for A and B PDLC samples, with fits 
to the collimated-diffuse equations of the four-flux model T_, and R_,. 
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FIGURE 26. Diffuse transmittance le (left) and diffuse reflectance Rit (right) contour plots for A (up) and B 
(down) PDLC samples. 


The ACP parameter can vary from ACP=1, for only collimated light, to ACP=2, for only 
diffuse light. A value of ACP=3°°~1.732 was used for the homogeneous clouds of Venus 
[22], being obtained as the main diagonal of a cube of normalized size, i.e., when light 
travels the same distance in the three cartesian axis, or (x*+y?+z7)%°=3°° if x=y=z=1. 
Feedback ACP parameter is obtained relating extrinsic K and intrinsic 8 absorption 
coefficients in Eq. (2) [16]. 
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FIGURE 27. Intrinsic scattering (a) and absorption (b) coefficients of the PDLC 25-A sample obtained from fits of 
the four-flux model to experimental diffuse components T,,, and R,,.. 
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FIGURE 28. Intrinsic scattering a (left) and absorption B (right) coefficients obtained from fits of the collimated- 
diffuse equations of the four-flux model to experimental diffuse T,,, and R,,, components for A and B PDLC samples. 
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FIGURE 29. Intrinsic scattering a (left) and absorption B (right) coefficients contour plots for A (up) and B (down) 


PDLC samples. 


The lower value for ACP at transparent on state than at translucent off state for PDLC 


25-A sample in Fig. 30 is related to the lower haze caused by the liquid crystals 
get oriented inside the polymer when applying the AC voltage signal. Discrepa 
between ACP and ACP, seem to be smaller for the translucent off state, i.e, for hi 
values of haze. This is in agreement with the assumed errors when approximating 
2FM [7] with Saunderson correction [8] for samples showing partly collimated T 
components instead of only diffuse ones [15]. For thicker PDLC samples at translucent 


off states, the discrepancies between ACP and ACP,, are smaller than for thinner P 
samples at transparent on states, as seen in Fig. 31 and Fig. 32. 
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FIGURE 30. Average crossing parameter ACP (a) proposed in Eq. (1) and a comparison with ACP, (b) computed in 
Eq. (2), from a comparison of intrinsic B and extrinsic K absorption coefficients, of the PDLC 25-A sample. 
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FIGURE 31. Average crossing parameter ACP (left) proposed in Eq. (1) and a comparison with ACP,, (right) computed 
in Eq. (2), from a comparison of intrinsic B and extrinsic K absorption coefficients, for A and B PDLC samples. 
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FIGURE 32. Average crossing parameter ACP (left) proposed in Eq. (1) and a comparison with ACP, (right) computed in 
Eq. (2), from a comparison of intrinsic B and extrinsic K absorption coefficients, for A (up) and B (down) PDLC samples. 


In the same way as the other parameters—except ACP (whose values vary between 1 
and 2), and extinction ¢, intrinsic (a & 8), and extrinsic (S & K) scattering and absorption 
coefficients—the value of the FSR parameter can vary between 0 and 1. FSR and a are 
obtained by fitting diffuse T & R measurements to MLG-4FM [6] cd equations, as was 


described in previous work procedures [4,5]. Feedback FSR parameter is obtained relating 
ACP... extrinsic S and intrinsic a scattering coefficients in Eq. (3) [16]. 


S = ACPy, + a+ (1— FSRpy) (3) 
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FIGURE 33. Forward-scattering ratio FSR (a) obtained from fits to the collimated-diffuse equations of the 
four-flux model, and a comparison with FSR, (b) computed in Eq. (3) from a comparison of intrinsic (a and B) and 
extrinsic (S and K) scattering and absorption coefficients of the PDLC 25-A sample. 
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FIGURE 34. Forward-scattering ratio FSR (left) obtained from fits to the collimated-diffuse equations of the four- 
flux model and a comparison with FSR,, (right) computed in Eq. (3) from a comparison of intrinsic (a and B) and 
extrinsic (S and K) scattering and absorption coefficients for A and B PDLC samples. 
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FIGURE 35. Forward-scattering ratio FSR (left) obtained from fits to the collimated-diffuse equations of the four- 
flux model and a comparison with FSR,, (right) computed in Eq. (3) from a comparison of intrinsic (a and B) and 
extrinsic (S and K) scattering and absorption coefficients for A (up) and B (down) PDLC samples. 


Compared with ACP and ACP, parameters, FSR and FSR, parameters show smaller 
discrepancies for the different thicknesses of PDLC samples, at both translucent off 
and transparent on states. From comparison of FSR and FSR, for PDLC 25-A sample 
in Fig. 33, the higher haze of translucent off states seems to be the cause of the better 
approximated extrinsic coefficients using KM-2FM [7] with Saunderson correction [8] 
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using the Levinson suggestion for samples showing total T & R components, instead of 
only diffuse ones [15]. Fig. 34 and Fig. 35 show a higher matching between FSR and FSR,, 
than that observed between ACP and ACP,, in Fig. 31 and Fig. 32. 


DISCUSSION 


In this paper we have determined the scattering and absorption coefficients of eight 
polymer dispersed liquid crystal device samples of two different sizes of the active 
area and four different thicknesses of the inner active layer, at their translucent off and 
transparent on optical states, by using a procedure previously validated for a suspended 
particle device [4] and with a commercial polymer dispersed liquid crystal device [5] ina 
monolayer approximated method. 


According to the definition of the inverse problem described in [23], four-flux [6,24,25] and 
two-flux [7,8] models can be used for determining scattering and absorption of light by 
small particles without any other information related to the samples characterized than 
the optical transmittance and reflectance measurements, i.e., “describing a dragon from 
its tracks” [23]. The inverse problem, considered the hard problem, differs from the direct 
problem, i.e., “describing the tracks of a given dragon’ [23], which uses data such as size, 
shape, concentration of particles, and optical constants of the particles and of the host 
medium as input parameters for computing light intensities [26]. 


Other works [27,28,29,30,31] combine direct and inverse problems for this task. However, 
recent advances in the inverse problem with new equations determined for intrinsic and 
extrinsic coefficients were recently carried out [32,33,34,35,36] by differentiating two average 
crossing parameters (for forward and backward light senses) and four forward scattering 
ratios (for forward and backward light senses and for collimated and diffuse light beans). 
The new equations were determined when observing what was called the three-extinction 
matching requirement, obtained when the same extinction coefficients are computed in 
three different ways, i.e., from optical constants obtained with the procedure carried out 
using MLG-4FM [6] collimated-collimated equations for transmittance and reflectance and 
then from computed collimated light intensities substituted at the forward and backward 
collimated differential equations. The new equations were found for a sample consisting of 
three substrate layers [32], i.e., without thin film layers (layers with thickness lower than the 
wavelength of incident light beam). Multilayer matrixial methods [37,38] must be used with 
samples containing thin film layers (considered as special interfaces showing absorption 
of light). However, the three-extinction matching requirement is not observed when the 
sandwich structure of the characterized samples is approximated in a single layer method 
and a rule of three is applied to intrinsic and extrinsic coefficients [33,34,35]. Nevertheless, 
new optical constants of ITO thin film layer [36] recently obtained (that satisfied the three- 
extinction matching requirement) could be applied in previous works in multilayer 
method with the suspended particle device [39,40]. As future works, it would be of interest 
to apply this new procedure with polymer dispersed liquid crystals, with commercial [5] 
and with the eight samples characterized in the current work, in both single layer and 
multilayer methods. 
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